The reinforcement of epoxy by MWCNTs is done to obtain the required properties of composites. However, the homogeneous dispersion of MWCNTs in epoxy is a critical problem. Hence, an attempt is made to optimize the processing conditions for dispersing the MWCNTs in epoxy by solvent dispersion technique. The epoxy/MWCNTs mixture was prepared using three methods: (1) magnetic stirring at 55 ∘ C, (2) hot air oven process at 55 ∘ C, and (3) vacuum oven process at room temperature. The nanocomposites having 0.1 and 0.2 wt.% of MWCNTs were prepared, for each method. The mechanical properties of nanocomposites were studied as per ASTM-D695, and the thermal conductivity was measured using KD2 probe. It is observed that the compressive strength, Young's modulus, and thermal conductivity of 0.2 wt.% of MWCNTs prepared by vacuum oven method were found to be enhanced by 39.4, 10.7, and 59.2%, respectively, compared to those of pure epoxy. Though the properties of nanocomposites were increased with MWCNTs' concentration irrespective of the processing techniques, the vacuum-processed sample showed the most enhanced properties compared to any other method. It is concluded that a unique method for the dispersion of MWCNTs in epoxy is the solvent dispersion technique with vacuum drying process.
Introduction
The usage of nanoparticles as the reinforcement in a polymer matrix is increased enormously to achieve the required properties of composites. Among all the fillers such as TiO 2 , ZrO 2 , and nanoclay, multiwalled carbon nanotubes (MWCNTs) were paid a lot of attention because of their attractive mechanical properties which were reported by Gojny et al. [1] . Good aspect ratio of MWCNTs with the specific surface area of 1300 m 2 /g helps in effective stress transfer from the matrix, which was studied by Yu et al. [2] . The desirable properties of MWCNTs made them a candidate for reinforcing the polymer matrix. Kim et al. [3] found that the homogenous dispersion of the MWCNTs which gives good interaction between the matrix and the reinforcement must be ensured, in order to achieve the improved properties of epoxy/MWCNTs nanocomposites. Starkova et al. [4] also evaluated the mechanical properties of the epoxy-based composites. The enhancement of Young's modulus of 0.1 wt.% composites was found to be 2% compared to that of pure epoxy. Mahfuz et al. [5] studied the influence of MWCNTs in epoxy, and it was found that the mechanical and thermal properties of the composites were increased. It was observed by He and Tjong [6] that the homogeneous dispersion of reinforcement was confirmed with an increase of electrical conductivity of the composites. It is observed from the previous studies that the dispersion of reinforcement is one of the most important factors in deciding the enhancement of mechanical, thermal, and electrical properties of composites.
Apart from the dispersion, the functionalization of MWCNTs is also an important factor. The functionalization of MWCNTs increased the stress transfer at the interface of the matrix and MWCNTs, and it also helped to reduce the concentration of substrate metallic particles present in the MWCNTs. The attachment of amine group, carboxyl group, and ozone-treated MWCNTs was studied in order to ensure the homogeneous dispersion of the MWCNTs in matrix by Ma et al. [7] . Buang et al. [8] observed that the usage of acid-treated MWCNTs showed homogeneous dispersion and less defects on the side walls of MWCNTs compared to other functionalization techniques. Theodore et al. [9] studied the effect of various functionalized MWCNTs in 2 Journal of Nanotechnology The thermal conductivity of the epoxy nanocomposites having 0.5 and 1 wt.% of silica-coated MWCNTs was found to be enhanced by 51 and 67%, respectively, by Cui et al. [12] . The interfacial bonding between epoxy and MWCNTs was also confirmed by the increase of thermal conductivity and broadening of the glass transition temperature (Tg) in the study by Pillai and Ray [13] . The MWCNTs were aligned in the epoxy resin to achieve the required properties by Park et al. [14] , and the thermal conductivity of epoxy/MWCNTs nanocomposites at room temperature (RT) was observed to be 55 W/mK, and the stretched MWCNTs-epoxy sheet showed the value of 100 W/mK, whereas the same for pure epoxy was found to be 0.11 W/mK at RT.
Though different types of research works are going on in the field of epoxy-based nanocomposites, the homogeneous dispersion of reinforcement is yet to be achieved, and the unique way for the dispersion of MWCNTs in epoxy remains unfulfilled. Hence, an attempt is made to optimize the processing parameters in order to improve the mechanical and thermal properties of nanocomposites.
Materials and Methods

Materials.
The MWCNTs were purchased from M/s Shenzhen Nanotech Port Co., Ltd., China. The specifications of as-received MWCNTs are as follows: outer diameter <10 nm, length 5-15 m, purity 97%, ash content <3%, and specific surface area −250 to 300 m 2 /g. Epoxy resin and hardener were received from M/s Endolite, India, Inc., having the density of 2.25 and 0.94 g/mL, respectively.
Chemical Treatment and Characterization of MWCNTs.
The MWCNTs were functionalized using the acid treatment technique as suggested by Esumi et al. [15] , which is briefly discussed here. The MWCNTs were dispersed in nitric and sulfuric acid mixture having the volume ratio of 1 : 3 and heated at 140 ∘ C in an oil bath with continuous mechanical stirring for 30 min. After the chemical treatment, MWCNTs were washed with distilled water until the pH value of the supernatant reached around 7. Then, the MWCNTs were dried in a hot air oven at 100 ∘ C. Thus, the chemically treated MWCNTs were obtained. The functional groups attached on the side walls of the MWCNTs were confirmed by the Fourier transform infrared spectroscopy (FTIR) technique. The concentration and types of functional groups present on the MWCNTs depend on the time of reflux and acid strength. Motchelaho et al. [16] reported that the peaks identified at 1360, 1710, and 3403 cm −1 were confirmed to be COO-, C=O, and -OH bonds, respectively, in the chemically modified MWCNTs. Peaks at 1710 and 3453 cm −1 were attributed to acidic groups like carbonyl, phenol, and lactol. Peak at 1576 cm −1 was assigned to C=C bond in MWCNTs. The defects in the MWCNTs after the chemical treatment were studied by the laser micro-Raman with 488 nm blue laser, where the defects were observed to be negligible.
Preparation of Nanocomposites.
The resin and hardener having the weight ratio of 1 : 0.4 were hand-mixed using a stirrer rod for 15 min. and poured into the die having the dimension of 50 mm length and 9 mm diameter. Then, the mold was allowed to cure at 26 ± 2 ∘ C for 3 hrs, and, thus, the pure epoxy specimen was obtained. The nanocomposites having 0.1 and 0.2 wt.% of MWCNTs were prepared by three methods, and their detailed specifications are given in Table 1 .
The epoxy resin was dissolved in acetone using bath sonication for 30 min., and the MWCNTs were dispersed in acetone using tip sonication for 30 min. Both were mixed together and bath-sonicated for another 45 minutes. Later, the acetone was removed using three methods, namely, hot air oven at 55 ∘ C (A), magnetic stirrer at 55 ∘ C (B), and under vacuum at room temperature (C). Then, the epoxy-MWCNTs mixture was mixed with required quantity of hardener by the hand mixing process for 15 min. and poured into the die. Thus, the nanocomposites were prepared once the mold was cured. a servo controlled closed loop Instron 8101. The thermal conductivity of the sample was measured by a KD2 Pro thermal properties analyzer using a dual-probe method. A Netzsch simultaneous thermal analyzer model STA 449 F3 having the DSC resolution of <1 W and the microbalance resolution of <1 g was used for calorimetric analysis of the test samples from room temperature to 800 ∘ C at a heating rate of 10 K/min. The test samples were prepared from the cured specimens weighing in the range of 5-10 mg. The sample chamber and the furnace chamber were purged with Ar gas before starting the test at 20 and 60 ml/min., respectively. In all cases, three specimens were tested, and the average of the results is reported. The homogeneous dispersion of the MWCNTs in epoxy was also confirmed by the same. Figure 1 . It is observed that the strength of nanocomposites prepared by magnetic stirring and vacuum oven process was increased. However, it was found to be decreased for the sample prepared through hot air oven process compared to that of pure epoxy. It is also observed that the compressive strength of the nanocomposites was found to be increased with concentration of reinforcement irrespective of the processing technique followed.
Characterization of Test
Results and Discussion
Mechanical Properties of Epoxy Nanocomposites. The load versus compression plots obtained for test samples processed by different methods are shown in
The compressive strength (CS) and Young's modulus (EM) of test samples against processing conditions are shown in Figures 2 and 3 , respectively. It is observed from Figures 2  and 3 that the CS and EM of epoxy were found to be increased with the reinforcement of MWCNTs. However, the CS and EM of A-H 0.1 were observed to be decreased by 11.4 and 11.8%, respectively, compared to those of pure epoxy. It is due to the fact that the method of removal of acetone by hot air oven led to destroying the chemical bonding between the MWCNTs and epoxy leading to decreased properties of nanocomposites. However, it was restricted when the MWCNTs' concentration was increased. Amount of heat supplied to evaporate the acetone was not sufficient enough to destroy the chemical bonding between them at 0.2 wt.% MWCNTs, and, thus, it led to the reduction of CS and EM by only 0.8 and 3.3%, respectively. The sample B-M 0.2 showed the increase of CS and EM of nanocomposites by 14.2 and 3%, respectively, compared to those of pure epoxy resin. The enhancement of mechanical properties is due to the fact that the continuous stirring of the epoxy and MWCNTs in acetone reduced the debonding between them at the evaporation temperature of acetone, and it is expected to ensure the homogeneous dispersion of MWCNTs in epoxy. The sample C which used the vacuum oven for removing the acetone showed a significant enhancement in the mechanical properties compared to those of the samples A and B. During the vacuum condition at room temperature, the solvent was fully removed compared to the rest of the process. The enhancement of CS and EM of the C-V 0.2 sample was observed to be 39.4 and 10.7%, respectively, compared to pure epoxy. The observed enhancement of EM of epoxy with 0.1 wt.% MWCNTs was 3.4%, whereas it was reported to be only 2% for the same reinforcement condition by Starkova et al. [4] . The enhancement of mechanical properties of the nanocomposites was due to homogeneous dispersion of reinforcement and good interaction between the reinforcement and the matrix, which was also confirmed by Gojny and Schulte [18] . A strong physical network between MWCNTs and epoxy was confirmed by the shifting of glass transition temperature (Tg) of the nanocomposites, which is shown in Figure 4 , leading to enhanced mechanical properties. The Tg of C-V 0.2 was observed to increase by 16.8% compared to that of pure epoxy confirming the previous observations. Guadagno et al. [19] confirmed the interaction between epoxy and MWCNTs with an increase of Tg and the homogeneous dispersion of the MWCNTs in epoxy. Pillai and Ray [13] confirmed the interaction between epoxy and MWCNTs with the broadening of Tg. Figure 5 shows the thermal conductivity of epoxy and its nanocomposites prepared by different processing conditions, It is observed that the thermal conductivity of the sample A-H 0.1 and A-H 0.2 was found to be 33.4% and 25%, respectively, lower than that of the pure epoxy, which is due to debonding between the reinforcement and the matrix. It is also observed that the thermal conductivity of samples B and C was found to be increased with the reinforcement of MWCNTs. The sample C showed significant enhancement of thermal conductivity compared to that of samples A and B. The enhancement of thermal conductivity is due to homogeneous dispersion of MWCNTs in epoxy resin and bonding between them. The enhancement of thermal conductivity was found to be 59.2% for C-V 0.2 compared to pure epoxy. The thermal stability of the sample was measured by the thermogravimetric analysis (TGA), and it is confirmed that the thermal stability of nanocomposites was improved significantly compared to that of pure epoxy, and it is shown in Figure 6 . Venkata Ramana et al. [20] also observed the improved thermal stability of epoxy/MWCNTs nanocomposites compared to that of pure epoxy.
Thermal Conductivity and Stability of Epoxy Nanocomposites.
Conclusions
It is concluded that the compressive strength and Young's modulus of nanocomposites were found to be significantly increased for the specimens processed by vacuum drying at room temperature compared to any other method. An improved physical network between MWCNTs and epoxy was confirmed by the enhancement of thermal conductivity and the thermal stability. The Young modulus, compressive strength, and thermal conductivity of the vacuum oven processed sample at 0.2 wt.% of MWCNTs were found to be increased by 10.7, 39.4, and 59.2%, respectively, compared to those of pure epoxy. Therefore, a unique method for the preparation of epoxy/MWCNTs nanocomposites is the solvent dispersion technique with vacuum drying process, where maximum enhancement of mechanical and thermal properties, homogeneous, dispersion of reinforcement in the matrix, and good interfacial bonding were obtained.
Abbreviations
MWCNTs: Multiwalled carbon nanotubes FTIR: Fourier transform infrared spectroscopy TGA:
Thermogravimetric analysis DSC:
Differential scanning calorimetry Tg:
Glass transition temperature RT:
Room temperature CS:
Compressive strength EM:
Young's modulus.
